An understanding of pedagogical content knowledge (PCK) and educative materials has been critical to our teaching programs in illumination engineering. We will discuss the PCK basis of a number of innovative curriculum efforts at the National Optical Astronomy and how we develop "educative materials" that improve educator content knowledge, pedagogical knowledge, and contextual knowledge. We also describe the process and team approach required to create these "educative materials." The foundation of our work at NOAO were two previous projects at the NASA Classroom of the Future. These projects created educative curricular materials with sophisticated science content integrated with a deep, authentic understanding of science process. Additional curricula with these attributes were developed at NOAO for the NSF-sponsored Hands-On Optics project (SPIE, OSA, and NOAO), for the citizen science project Globe at Night (NOAO), and for the Quality Lighting Teaching Kits (NOAO, International Astronomical Union, OSA Foundation, SPIE, CIE, and the International Dark Sky Association). These projects all strove to create educative instructional materials that can enhance the pedagogical content knowledge of educators.
INTRODUCTION
This paper describes how Pedagogical Content Knowledge (PCK), the domain specific knowledge of subject matter and pedagogy that educators use daily, can be used in curriculum development for illumination engineering. We describe how high quality "educative curriculum materials" can help improve PCK in curricula and instructional materials. We also describe how these materials can be developed by highly skilled hybrid teams familiar with the subject matter and with the practice of science. These teams have built materials with an authentic approach that incorporates problembased learning, which has been shown to be highly successful in photonics education. 1, 2 We describe the development of several sets of instructional materials that have led to the present set of programs for illumination engineering and for optics and photonics education at the National Optical Astronomy Observatory. A summary of these programs created at NOAO was presented at a previous ETOP conference. 3 This paper describes some progressive aspects of these programs and materials.
To illustrate the components: content knowledge is what is usually taught directly in classes. It would be, for example, light being described as waves with a wavelength, the concept that light moves in a straight line, or the definition of measurement terms such as "lux." Pedagogical knowledge relates to how the educator would teach a subject. It might include an awareness of student misconceptions or the naïve theories that they bring to the subject when they are first learning about it. It might also be assessment of which concepts can be taught at which grade levels or to which students. The third area is contextual knowledge. The contextual knowledge domain consist of the broader knowledge such as knowledge of the scientific method and how it is relevant to the lesson. If content knowledge is "what is being taught", pedagogical knowledge is "how it is being taught". Contextual knowledge is the larger framework (e.g., the scientific method). Pedagogical content knowledge is the superset of these different domains.
Pedagogical content knowledge is viewed on a continuum, with educators acquiring more of it through appropriate training and experience. Educators acquire it before they begin teaching, during their pre-service training, and during the teaching careers. The key hope from an educational improvement perspective is that the gains in teacher pedagogical content knowledge will lead to learning gains in students. A teacher with better content knowledge who know to teach the subject to a specific audience should create student gains over a less prepared or less experienced teacher. A key point, however, is that it is very difficult to provide enough additional training to educators once they have begun teaching. The daily demands of the position make less time available for improving content knowledge or in learning additional pedagogically useful approaches. How then might the quality of teaching improve?
A complementary approach to improving science education in both the classroom and out of school settings is for educators to use instructional materials that help improve their PCK. This approach emphasizes the development and use of high quality instructional materials. Of course, additional professional development and training can be useful so one approach does not preclude the other. If educational materials contain well-tested approaches and model best practices from experienced and successful teachers, then perhaps the PCK of the teachers using these materials can be improved.
The instructional materials that can help create gains in the PCK of educators are called "educative curriculum materials". 8, 9, 10 They can help educators improve their teaching by increasing their content knowledge and their pedagogical knowledge through the process of teaching with materials that reflect best practices in all aspects of PCK.
THE ROLE OF "EDUCATIVE CURRICULUM MATERIALS"
Educative curriculum materials are not only useful for the teacher but can be especially appealing to the student since they can be creative and science process-oriented rather than emphasizing memorization and repetition. These materials can have content that goes deeper and can appeal to most students, and especially to gifted students who are easily bored or turned off by repetition. For these students, there is a special appeal from materials that go deeper, use less repetition, and create a sense of ownership of the educational process. With these materials, there is a deeper exposure to the underlying pedagogy that reinforces an understanding of the process of science. The materials may even be remembered by students years later for their innovative approaches or interesting selection of topics.
One approach to developing these high-quality instructional materials is to have them designed and developed by teams that have experience in the different components of PCK. These teams can also combine these components in creative and powerful ways. There is a large advantage to using these materials. Teachers will not have to compensate for poor quality materials that have outdated or inaccurate content, or ineffective approaches. For example, high-quality educative materials in our programs that will be described later have many characteristics which align themselves with authentic science practices. An instructor who uses these educational materials will be having students do science in authentic ways rather than reading about inauthentic practices. They may be addressing science topics that are considered important for today and the future. Since many science teachers have not conducted scientific research or are not able to keep up with the hot topics in the field this distinction is quite important.
Note that these desirable properties can also be built into the training or preparation program for educators or can be acquired by educators as they gain experience. However, building them into nationally distributed instructional materials provides a large number of teachers a wide exposure to expert knowledge in these areas. As noted, the instructional materials can also provide a stronger sense of the culture and essence of doing science, which may not be present in the classroom subculture. 11 For example, high-quality instructional materials encourage a questioning and experimental approach, which may be lacking in classrooms but is an integral part of the process of science. We believe that the use of educative materials to develop pedagogical content knowledge can lead to:
• A deeper understanding of the subject by students 
EXAMPLES OF EDUCATIVE CURRICULUM MATERIALS
Here are some examples of educative curriculum materials developed at NOAO or by a team that included an NOAO staff member before they worked NOAO. All of these materials have strong support for pedagogical content knowledge. Investigating the Solar System™ (funded respectively by NASA and the National Science Foundation) were exemplary products incorporating problem-based learning and a keen understanding of the process of conducting scientific investigations. 12, 13, 14, 15 Both programs were developed at the NASA Classroom of the Future™, the research and development organization of NASA, located at the Center for Educational Technologies at Wheeling Jesuit University. In the Observatory Site Selection investigation, students used light pollution data to select an observatory site. They also had access to atmospheric seeing and stability data at various potential sites. This type of investigation formed the basis of a number of other later programs at NOAO for teaching about illumination engineering and light pollution.
The pedagogical design of the Astronomy Village ® investigations is based on research in interactive science laboratory instruction 16 where students participate vigorously with a research investigation and as part of a experimental research team. The student participates in the many aspects of research and problem solving in ways that are nearly identical to how scientists conduct research. This approach has many advantages: • The ente 
TEAM
For over a de address optic National Scie Arizona. 42 • Experience with U.S. national science education standards (e.g., "Next Generation Science Standards" 48 ) in mathematics, technology, and science education.
• High level of specialized content knowledge and specialized pedagogical experience in teaching the topic • Experience in teaching diverse students, including Native American and Hispanic students, which leads to an understanding of cross-cultural factors that influence professional development. 49 • Experience with both in school and out of school settings • Experience with game-and simulation-based approaches • Experience with authentic tools (e.g. measurement tools)
• Experience with best practices in educator professional development design and delivery 50 • Experience with optics misconceptions research 51, 52 and the assessment of a student's conceptual knowledge of optics using formative assessment probes 53 • An appreciation of the value of collaboration between formal and informal institutions 54 These team-based skills allow us to continue to develop high quality educator curriculum materials and to enhance the PCK of educators.
CONCLUSION
The development of Pedagogical Content Knowledge is critical for the science educator. To support this development, NOAO has created educative curriculum materials in the area of illumination engineering education. We have created instructional materials that incorporate best practices using problem-based learning and other innovative approaches to establish a more authentic and supportive learning environment. This approach has proven successful since it requires students to develop critical thinking and communication skills that can be applied in the work force. It also teaches them how to positively and constructively approach complex problems and to create the appropriate framework for problem solving. These efforts are part of the larger effort at the National Optical Astronomy Observatory to create high quality instructional programs and materials for dark sky preservation and energy conservation. We hope that our efforts also provide a solid foundation for progressive illumination engineering education at the pre-college level. 
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